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Introduction

This presentation provides an overview of
common detector concepts

Gamma-Ray Detector system components
Intrinsic and absolute efficiency

Resolution and linearity

Operational issues and limits

Neutron Detection

Basic Statistical Concepts




Detector System and Components




Typical Analog Detector System

Detector Main
Preamplifier (Shaping)
Amplifier

SPECTRUM

mV
Volts
e
counts

time time Channel




Scintillation Detectors

lonizing radiation excites atoms in the scintillator. These
y atoms emit very faint light, which is amplified by a
photomultiplier tube (PMT).

Scintillator

Light from the scintillator is
converted to electrons by the
PMT and amplified a million
times or more through a
succession of electrodes called
‘dynodes’.

HV

The resulting electrical signal is then sent to
the detector electronics for processing.

£
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Commercial Scintillation-Based Detectors

> ““""" -
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High-Purity Germanium (HPGe)

Gamma rays create A coaxial HPGe detector has s e e
“electron — hole” pairs in the an electrical contact on the — /
detector crystal. crystal axis and a second | ______ Radiation
y contact on the outer surface of ---~—-
the crystal. 03 1on Implnied

When high-voltage is
applied, electrons are

collected at one contact and
holes are collected at the
other contact.

HPGe detectors must be cooled to ~77 K (-321 F)
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LN2-Cooled HPGe Schematic
x Detector

To Electronics Capsule
(power supply, HShrnud
amplifier, etc.) e

LNz Fill and
Vent Tubes

Filter Charcoal
Pack

Liquid Nitrogen O-Ring Seal

Fill Collar

Preamplifier

Dewar Flange

Cooled FET /
Cooling Rod Coolin Assembly '
g Rod
{copper) Stahiiizer III Moun“ng End cap
/ Cup
Charcoal Contact Pin
(to maintain vacuum)
Coaxial HPGe Crystal

1 | |
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Commercial Semiconductor-Based Detectors




Absolute and Intrinsic Efficiency




Question Time!

Which interaction is required to occur in our
detector for us to do full-energy-peak gamma-
ray spectroscopy?

a) Pair Production
b) Photoelectric Effect
c) Compton Scattering
d) Pair Annihilation




Why Do We Care About Efficiency?

Statistics for nuclide identification
Estimation of detection distance
Quantification of nuclide activity or mass

Performing isotopic composition analysis
Uranium enrichment
Plutonium ‘burn-up’
|sotopic ratios in general (e.g. Fukushima analysis)




Quantifying Source Activity or Mass

Activit C(E) 1
ctivity = :

Y(E) é&aps(E)
Mass = Activity - 211/22 ' 6.0222 + 23

C(E): count rate for a specific gamma-ray peak

Y(E): yield (branching ratio) for that gamma ray

Eaps (E): absolute detection efficiency at that gamma ray energy
T,,: half life of the nuclide emitting that gamma ray

A: atomic mass of this nuclide
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Detection Efficiency

Absolute efficiency

_ photons recorded

Zabs = photons emitted
. . . Note: photons =
Intrinsic efficiency full-energy photons
photons recorded
& =

~ photons incident

How are these related?

Q
& =G Atten-— \JL Solid-Angle Fraction
7 4r

Attenuation Factor

AAAAAAAAAAAAAAAAAA
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Detector Solid Angle Fraction

[ | Detector

y  4nGassan durace

Solid angle fraction out of 4% steradians for
a detector with radius R at a distance r
from the source where 0 = tan-'(R/r):

Q 1
E_E(I_COSQ)




The Inverse Square Law (1/r2)

Let’'s say 1 square = the area
covered by your detector. Count rate

\
1
Cocr—2

L

B J Source-to-detector distance
Y-ray fi , \

distance = 2r

, nce =r area needed for same rate =4A
rea =A Rate for 1 square = 100 cps
e.g. 400 cps

If you double the distance, the count rate drops by a factor of 4
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Why is distance important?

The observed dose rate in these

two cases could be the same. ¥Ve need to know the

source-to-detector distance
to calculate the activity or
mass of the source.

But the farther source is much more intensel!
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Detective X Absolute Efficiency @ 50 cm

ORTEC Detective X Absolute Efficiency at 50 cm

0.0009
0.0008 .
L]

Data points from 152Eu

Y
=
o
S
<
.

0.0006 s
0.0005
0.0004
0.0003
0.0002 |,
0.0001

Absolute Efficienc

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Energy [MeV]
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Detective X Abs. Eff. @ 50cm to 8 MeV

ORTEC Detective X Absolute Efficiency at 50 cm

0.0009

0.0008 4———(MAX) Eff. @ ~ 130 keV:

. ~ 8.2E-04

Y
o
)
S
S
|

0.0006 |

00005 1 Eff. @ 4.4 MeV:

0.0004 ~ 5.5E-05
0.0003

0.0002 |
0.0001

Absolute Efficienc

Energy [MeV]
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Question Time!

What is the maximum solid angle fraction you
could cover with a detector like an ORTEC

Detective?

a) 0.10 =

b) 0.25 ‘ .

¢) 059 Nt o detocter with roclus R ot o distanca r
d ) 1 . OO from thge;ourcle Where 6 = tan"(R/r):




Intrinsic Efficiency

Intrinsic detector efficiency quantifies the probability of full-energy
detection of a photon of a particular energy that is incident on the face

of the detector.

1001 keV

186 keV

a) assumes photons are incident on detector face
b) full-energy detection — contributes to full-energy peak
c) depends on incident photon energy

% Slide 21
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Intrinsic Detector Efficiency

Generally intrinsic detector efficiency is optimal at
some low-intermediate energy (~80-120 keV)

Below this energy gammas are more likely to be
attenuated before entering the sensitive part of the
detector.

Above this, gammas become more likely to Compton
scatter in the detector as energy increases, and
therefore not deposit their full energy.




Example Intrinsic Efficiency Curves

Detector Efficiency Comparison (25 cm)

111

SENEREN
HENEEEN

140% HPGe (K) (8.86cm x 11.1cm)
172% HPGe (L) (9.32cm x 10.87cm)
Detective EX-200 (8.5cm x3.0cm)
Detective EX-100 (6.5cm X5.0em)
Detective/Detective DX (5.0cm x 3.0cm)
FieldSpec (1 inch x 2 inch Nal)
GR130/GR135 (1.5 inch x 2.2 inch Nal)
GN-2 (1.125 inch x 2 inch Nal)

SAM 935 (1.5 inch x 2 inch Nal)
Identifinder NGH (1 inch x 2 inch Nal)
RadSeeker DL (1.5 inch x 1.5 inch LaBr)
Identifinder LaBr (1.5 inch x 1.5 inch LaBr)
GN-3(1emx1cmx1cm CZT)
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1 N ———  Deftective EX-200 (8.5cm x3.0cm)
5 o Detective EX-100 (6.5cm X5.0cm)
T N ————  Detective/Detective DX (5.0cm x 3.0cm)
, \ —— — FieldSpec (1 inch x 2 inch Nal)
! — —  GR130/GR135 (1.5 inch x 2.2 inch Nal)
T N — —  GN-2 (1.125 inch x 2 inch Nal)
. — w—  SAM 935 (1.5 inch x 2 inch Nal)
| N| —— — Identifinder NGH (1 inch 2 inch Nal)
—-.-— RadSeeker OL (1.5 inch x 1.5 inch LaBr)
| — .= Identifinder LaBr (1.5 inch x 1.5 inch LaBr)
J —--—  GN-3(1cmx1cmx1comCZT)
1e-6 T T 1
0.1 | 10
Energy (MeV)
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Importance of Intrinsic Efficiency

PeakEasy Ver. 3.99 Eu152 Interceptor(CZT) 685sec.chn + Eu152 GR135(Nal)_1104sec.chn
Livetime: 685.0 sec Deadtime: 0.29 % Neutrons: NA

& Blue = GR135 Nal Crystal (1.5” dia. x 2.2" Ig.)
Black = Interceptor CZT Crystal (0.3" x 0.3" x 0.15")

Counts

T T T T T T T T T T T T T T T
300 1000 1200

Energy (keV)

T T T T
1400

T T T T T T T T T T T T
200 400 600

Both measurements of same Eu-152 source at 1 meter
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Average Interaction Depth

The average gamma interaction depth,x, in the detector depends
on energy.

] Detector
Total distance=r+x~r whenr>>x -

Source

But when r = x, the latter is not negligible!

In this case, the distance that matters with
regard to solid angle, as well as intrinsic
efficiency, is that from the source to the
average interaction depth inside the crystal

“« LOos Alamos
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Intrinsic Efficiency and Distance

Intrinsic Efficiency vs. Energy for Multiple Source-Detector Distances

0.8
0.7
0.6
> —e—Eff (17.5")
—tm )
(@] - Eff (15")
% —Eff (12.5")
'6 Eff (10")
E 0.4 —e—Eff (7.5")
L ——EfF(5")
—e—Eff(2.5")
0.3
——Eff(1.5")
0.2
0.1
0
0 100 200 300 400 500 600 700 800 900 1000

Energy [keV]
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Relative Efficiency: Definition #1

This definition concerns intrinsic detector

efficiency coupled with the area of the detector
face.

This is useful for comparing detectors.

By convention, this is the 1332-keV (Co-60) full-
energy peak efficiency of any gamma detector
relative to a 3" x 3" Nal at 25 cm

Usually, HPGe detectors are quoted as having a relative efficiency for
comparison (e.g. 32%)




Question Time!

A hand-held detector is placed at 10 feet and then
at 20 feet from a strong point source. How would
you best compare the intrinsic efficiency at each

distance?

a) ltis ten times higher at 10 feet

b) Itis two times higher at 10 feet

c) ltis essentially the same at 10 and 20 feet

d) It can not be determined from this information

% Slide 28
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Resolution & Linearity




What is Resolution?

Resolution is a measure of the width of spectral features such as full-energy peaks.

PeakEasy Ver. 4.99 Eu152.n42 (2) + Eu-152 IdentiFINDER (Nal).SPE

Livetime: 2825.3 sec Deadtime: 1.92 % Neutrons: 7.4 cps

2500
Strongest
2000
N a I ﬁ Y 004
o 1500
IS
= i
Q
O
003t
1000
oot
5001 HPGe Y/2002-
oI5k
0 T T | T T T T | T T | T | T T T T | T T T T | T T T T | D D]
1040 1060 1080 1100 1120 1140 1160
Energy (keV) ook

Y(x) = YVipaxe ~(x=x0)*/20°

FWHM = 2.3550

! 1 1 ! 1 L
10 20 a0 40 a0 2] 70 a0 a0 0a

FWHM = Full Width at Half Maximum
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The Importance of Resolution

Two spectra of the same Pu item

PeakEasy Ver. 4.60 PuO2 (93% Pu-239) Detective (HPGe) (Shielded).SPE + PuO2 (93% Pu-239) IdentiFINDER (Nal) (Shielded).SPE

— Livetime: 234.1 sec Deadtime: 24.31 % Neutrons: NA

———> from Sodium lodide (Nal)

1044

Counts

;

from HPGe

100 ]
Spectrum Multiplier: 0.74

T T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000

Energy (keV)

HPGe is more of a burden but it provides data that are far more
detailed and useful than low-resolution detectors (Nal, LaBr3)
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Energy Calibration

Livetime: 46.93 sec Deadtime: 14.67 % Neutrons: 0 total

104

Energy calibration means
relating channel number to

3 885 keV 1061 key €energy value (usually in keV)
] We use known peaks in a
2 spectrum to relate energy to

: channel via some polynomial.

Counts

101_; e.g.:. E=p,+p,*ch (linear)
100:
[
o 200  40Q —ia 80 1000
( Channel Number w
e — e
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Linearity

A perfectly linear relationship between the size
of pulses from the detector and the channel
value (or energy) is highly desirable

However, most detectors have non-linearities
over the functional energy range in which they
are used

As a group, scintillation detectors are notoriously
non-linear, especially Nal.

HPGe and CZT are considerably more linear, but not
perfectly so (especially at extended energy ranges)

.
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More on Linearity

Many detectors are somewhat non-linear

In most cases, a linear calibration is not sufficient

2nd order polynomial for a good detector, higher order polynomial
for a poor detector

Calibration spectrum must have at least as
many peaks as the order of the polynomial being
fit




Question Time!

Why is high resolution important”? Choose the
best answer(s)

a) We can better analyze peaks close in energy
b) Itincreases efficiency at higher energy

c) It allows us to cover a greater solid angle

d) Itis more difficult to mask peaks




Operational Issues & Limits




Electronic Dead Time

Function of electronics where they are “dead” for a short time while
processing a pulse.

System is ready to process

Multiple gammas may hit the Incoming pulse train the next pulse.
detector so close in time that the ]

system can’t process them all. /\ /\ /\ Electronics

detector \ / The system is busy processing a pulse so
s T the next pulse is lost.

> Radi e Materlal

AR ah
i SS:NW““m:-: DEtECtOI’

« Electronics

Detector

ad
B I8, TP T U PRI T s W, o P T

“« LOS Alamos

NATIONAL LABORATORY
EST.1943



Pulse Pile-up

Ll yy

(]

-

= .

= Amplitude
o t Analyzed
<Et y

L t

ZI’ True Pulse

5 Amplitudes

o v v v

TIME

Two or more Y rays are detected at almost the same time.
The result is a combined pulse amplitude that is different
from that of either pulse. Information on individual pulses
is lost, and data, in the form of sum-peaks, are stored in the
spectrum.
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Effects of High Count Rate

PeakEasy Ver. 4.79 DT_MAX.spe + SourceAndDetOnTzuie_rocinDffFloor.spe
Livetime: 134.0 sec Deadtime: 55.33 % Neutrons: 0.010 cps
\/
10° ]
662 keV Blue: 137Cs at 1% dead time
5 Black: 137Cs at 55% dead time
. Sum Peak = 662 + 662 keV
107
®o
c
3 10°] .
© Triple Sum
102
Quadruple Sum?
101 \l
l |
il
o  so0 1000 10 2000 280 3000
Energy (keV)
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Nal Temperature Dependence

A Nal detector was cooled in a refrigerator until it was 41 F and
then data were taken with a '3’Cs source as it warmed.

Room temp was approximately 75 F at table top. Initial detector temp was ~ 41 F at crystal.
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137Cs 662-keV Peak versus Temperature

8000 41 F
7000 I‘L45 mmUte§| —53F
| 58 F

6000 / —62F
5000 —65F
67 F

4000 —70F
—71F

3000 —72F

2000

Note: there was a 10-minute
gap between the 41 F and 53
S F measurements as the 2"
550 600 650 700 750 800 850 (49 F) spectrum was

Energy [keV] inadvertently not saved.

1000

£
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Nuclide ID results vs. Temperature

Nuclide ID vs Temperature

12
10
=
m
a )
2 8 G
© L
- o
2 6 T
-
€ @ ~
o 4 + m
(] )
= Wi = =
= . 2 3
) ® = =
E o [a
= T T
m
0 L]
40.5 49 53 58 62 65 67 70 71 72

Temperature [F]
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Why 1%mHo for the 53° F spectrum?

PeakEasy Ver. 4.84 Spectrum 535.Measurement (appended).N42 (3) + Ho-166m IdentiFINDER (Nal).SPE
Livetime: 297.0 sec Deadtime: 1.00 % Neutrons: 0 total
5. Blk: Spectrum taken at 53 F
11 Blu: Pre-recorded 16m™Ho
vy keV spectrum from PeakEasy library
A Detector was calibrated at 40 F
2 103-|
3
O
102
101
r
10° || '” “ ” 'ﬂ“l nnl mri
T T T T T T T T T T T T T T T T T T T T | ||| | T "“‘"L‘ i
0 5lI)D 1 DIDD 1 5|oo 20|00 25|00 3000
Energy (keV)
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Scintillation Detector Scorecard

Low resolution (-)

Few information carriers result in poor statistics

Generation of signal is inefficient, typically requiring ~100
eV/carrier

Temperature sensitivity (-)

Gain fluctuations and non-linearities result in difficult energy
calibrations

Efficiency (+)
Large Nal and PVT detectors can be made with exceptional total
efficiency

Cost (+)

These are generally less expensive than semi-conductors




HPGe Detector Scorecard

Best energy resolution of gamma detectors (+)
Due to excellent charge carrier mobilities

Large crystal growth allows good efficiency (+)
140-160% not uncommon (relative to a 3" x 3" Nal)

Must cool to LN temperatures to avoid thermal
excitation of electrons (-)

Most expensive of gamma detector types (
Field units can be cumbersome to handle (

-)
-)




CdZnTe (CZT) Scorecard

Room-temperature operation

Typically can attain 3%
resolution but with new signal
processing now ~1%
Very poor efficiency

Difficult to grow large crystals

(~ 6 cm3 max)
Poor hole mobility requires
very sophisticated electrodes
and read out




Question Time!
Which is the best detector?

a) HPGe as it has the best resolution
b) Nal as it does not require cooling

c) Plastic scintillator as it is can be made to cover
a very large area

d) CZT as its poor efficiency is useful in high-rad
environments




Neutron Detection




Mechanisms for Neutron Detection

None are direct since they are neutral particles
Must detect charged secondary particles or gamma
rays

Two primary detection modalities

Neutron capture reactions release protons, alphas,
recoil atoms, gammas, or fission fragments that can
subsequently be detected

Scatter neutron off light nucleus (H or He) transferring

some energy to it, which then ionizes surrounding
material




Neutron Cross Section for
Common Materials

Cross section is strongly

a function of neutron
energy (1/v)

Most commercial detectors
are moderated

Many materials have
resonances in cross
section superimposed

104

102

102

CROSS SECTION {barns)
o

{

1.0.1

T T j
-He-3(n, p)
© B10(na

Li-6 (n, @)

102

on 1/v relation
Example: SLi

107

107 1

102 102 10¢
NEUTRON ENERGY (eV)

10!

Passive Nondestructive Assay of Nuclear
Materials (1991)

50
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Neutron-Sensitive Gas Detectors

SHe

Typically operated < 10 atm (except RIIDs)
~75% efficient for thermal neutrons
Currently, the most common neutron detector in portal monitors

10BF,

Typically operated < 1.5 atm (recombination occurs at high pressures)
< 50% efficient to thermal neutrons

10B-lined tubes (“Straws”)

Neutron interaction occurs on walls, resulting in secondary charge within
gas (< 10% efficient for thermal neutrons)

51
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SHe Neutron Detector

Neutrons are moderated (thermalized) by polyethylene
surrounding 3He tube.

S3He + n — 3H + p + 765 keV

These thermal neutrons are
captured by 3He nuclei and
produce tritium (*H) and
protons (p), which in turn
ionize the gas. The resulting
electrons and ions are then
collected at the central wire
and tube wall.

.
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Moderation Effects on Detector
Response
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Neutron-Sensitive Scintillators

Plastic or liquid organics
Used more for fast neutron detection
Very sensitive to gamma rays
Efficiency can be ~ 3He

°Li-loaded glass

Used in older GR-135s handheld detectors (new
model uses He-3 tube)




Next Generation Neutron Detectors

CLYC (Cs,LiYCl4;:Ce) gamma-neutron
scintillation crystal

°LiFZnS(Ag) scintillator screens with wavelength
shifting fibers

SLi foils with “He gas (cheap and abundant)

And a host of others




Problems with Neutron Detection

Useful spectroscopy can be difficult since neutrons rarely
deposit their full energy in the detector

For 3He detectors, neutrons must be thermalized for detection therefore forfeiting
all incident energy information.

RIID detectors will only tell you the neutron count rate

Can be sensitive to gamma rays as well, so setting a
proper threshold is important (pulse shape discrimination
might also be necessary)

Cosmic ray spallation in nearby massive and dense
materials will cause false neutron counts (e.g. cargo of
car batteries)

-l
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Question Time!

Cadmium (Cd) is a thermal neutron absorber.
Which configuration will give you the highest
count rate in your bare He-3 detector?

a) Bare 2°2Cf, Cd, 0.5-inch of Water, detector
b) Bare 2°2Cf, 0.5-inch of Water, Cd, detector
c) Bare %°2Cf, Cd, detector

d) Cd, 0.5-inch of Water, detector




Basic Statistical Concepts




Statistics

For a measured number of gross counts, N,
from a random nuclear decay process, the
standard deviation is: o0 = VN

Relative Standard Deviation: o = g \/iﬁ

What is the % uncertainty (or RSD) if N = 1007
How many counts do we need to get 1% error?

The terminology ‘standard deviation’, ‘uncertainty’, and ‘error’ are often interchanged.




Uncertainty on Gross Counts

If you count three times as long, your uncertainty drops by a factor of /3.

| Live Time: 46 sec " Live Time: 144 sec

3000 +

2 4
c
=1
Q
O
600
2000
400 +
n ~ 1000 |
id: e Peak Centroid: 507.20 keV/
%!

[Peak FWHM: 38.28 keV (7.55%)

Counts

Total ROI Counts: 66213

al d
Peak FWHM 38.05K
TtIROIC nts: 18151
LSqua Reduced Chi-Squared: 10.6
Net Peak Area: 50122.0 (+/- 272.0)

Nef tP ak Ar a:136795 ( / 142.3)
I B A B A S LA B s B B

Energy (keV)

N = 18151 N = 66213

V18151 V66213
o= —— — 0.79 o= ——— — 0.49
R 18151 /0 R 66213 /0
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Uncertainty on Net Counts
We are usually interested in the NET peak area.
Net Area = Total Counts - Continuum
Uncertainty = VTotal + Continuum

PeakEasy Ver. 4.86 Background Detective (HPGe).SPE

Livetime: 171452 sec Deadtime: 0.37 % Neutrons: NA

7000 +

6000 +

Net Peak Area

5000 +

Counts

4000 -

3000+

Continuum (background)
under the peak

I 3%0 I I I I 3%5 I I I I 3E|30 I I I I 3E|35
Energy (keV)

2000 +
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Net Area Uncertainty Example
PeakEasy Ver. 4.86 Ag-110m IdentiFINDER (Nal).SPE
Livetime: 60000 sec Deadtime: 0.27 % Neutrons: NA

Total Counts = 5220

1 Thz32() Net Counts = 3452
. Continuum = Tot-Net = 1768
ol Uncertainty = v5220 + 1768 = 84
Relative Uncertainty = 2.4%
(73]
S  80-
Q
O
60

d

Peak Centroid: 2619.58 keV
20 Peak FWHM: Not Calculated
Total ROI Counts: 5220
Reduced Chi-Squared: NA
Net Peak Area: 3451.9 (+/- 83.6)
T | T T T T | T T T T | T T T T

T I
2300 2400 2500 2600 2700
Energy (keV)
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Large Peak on Small Continuum

PeakEasy Ver. 4.60 Background Detective EX-100 (HPGe).SPE

Livetime: 150000 sec Deadtime: 0.69 % Neutrons: NA

The peak contains most of the ROI area.

5000 - Th-232(d)
(TI-208)
T T T T I—

4000 —

Total ROI Counts: ~ 40000
w00{ Relative Uncertainty = 0.5%

Counts

2000 +

1000

Peak Centroid: 2614.35 keV
P —r :
Total ROl Counts: 40986

Reduced Chi-Squared: 3.29
Net Peak Area: 40610.6 (+/- 202.8

I I
2590 2600 2610 2620 2630

Energy (keV)
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Small Peak on Large Continuum

Counts

Livetime: 150000 sec Deadtime: 0.69 % Neutrons: NA

2800

2600

2400

2200

2000 A

1800

1600

1400

1200

Total ROI Counts: ~ 40000
Relative Uncertainty = 19%

Here the continuum contains most of the ROI area

S g -
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Total ROI Counts: 39109
Reduced Chi-Squared: 0.708
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Question Time!

J

Folks often say a small peak can get ‘washed out
by an intense continuum from higher-energy
photons. What does the continuum really do?

a) It attenuates the peak

b) Itincreases the relative uncertainty on the peak area
c) It decreases the relative uncertainty on the peak area
d) It reduces the energy but not the intensity of the peak

% Slide 65
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Summary

General knowledge of detector concepts is
Important for spectroscopic analysis

Although the general concepts are important to
master, there is often a lot of variation from one
detector to the next. Sometimes even with
identical models from the same company.

It is very helpful to be familiar with the
idiosyncrasies of the most common detectors
from which you receive or collect data.
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